ABSTRACT Sea level allowances at 22 tide gauge sites along the east coast of Canada are determined based on projections of regional sea level rise for the Representative Concentration Pathway 8.5 (RCP8.5) from the Fifth Assessment Report of the Intergovernmental Panel on Climate Change (IPCC AR5) and on the statistics of historical tides and storm surges (storm tides). The allowances, which may be used for coastal infrastruc ture planning, increase with time during the twenty first century through a combination of mean sea level rise and the increased uncertainty of future projections with time. The allowances show significant spatial vari ation, mainly a consequence of strong regionally varying relative sea level change as a result of glacial iso static adjustment (GIA). A methodology is described for replacement of the GIA component of the AR5 projection with global positioning system (GPS) measurements of vertical crustal motion; this significantly decreases allowances in regions where the uncertainty of the GIA models is large. For RCP8.5 with GPS data incorporated and for the 1995 2100 period, the sea level allowances range from about 0.5 m along the north shore of the Gulf of St. Lawrence to more than 1 m along the coast of Nova Scotia and southern Newfoundland.
Introduction
Global mean sea level (GMSL) has risen at an average rate of 1.7 mm yr −1 (1.5 to 1.9 mm yr −1
, the 5th and 95th percentiles) between 1901 and 2010 . Ocean thermal expansion and glacier melting are the dominant contributors to twentieth century GMSL rise. Relative sea-level (RSL) change, which is the change in sea level relative to land, is often considerably different from GMSL change as a result of regional ocean volume change (steric and dynamical effects) and vertical land motion. In eastern Canada, the rates of RSL change derived from tide-gauge records show large regional variations, from 2 to 4 mm yr −1 (above the rate of GMSL rise) in the southeast to −2 mm yr −1 in the northwest (Han, Ma, Bao, & Slangen, 2014) . This spatial difference is primarily attributed to the vertical land motion associated with glacial isostatic adjustment (GIA).
According to the Fifth Assessment Report (AR5) of the Intergovernmental Panel on Climate Change (IPCC), the future rate of GMSL rise will very likely (defined as 90 100% probability) exceed the observed rate of rise under all Representative Concentration Pathway (RCP) scenarios. For the 2081 2100 period, compared with 1986 2005, GMSL rise is likely (defined as 66 100%) to be 0.32 to 0.63 m for RCP4.5 and 0.45 to 0.82 m for RCP8.5 (ranges are 5th to 95th percentiles derived from model ensembles). The RSL change projections are very likely to have a strong regional pattern in the twenty-first century and beyond .
Several studies have shown significant societal impacts of increased flooding events that are primarily caused by sealevel rise (SLR). Hinkel et al. (2014) estimated coastal flood damage and adaptation costs due to twenty-first century SLR on a global scale. The cost would be trillions of dollars if no adaptation action is taken. However, this cost can be reduced by about two to three orders of magnitude by implementing protection strategies. On a regional scale, several flood management strategies were developed to protect New York City from flooding (Aerts et al., 2014) . They showed that all proposed strategies are economically attractive if flood risk develops according to a high climate change scenario (e.g., IPCC AR5 RCP8.5). The above two studies emphasize the importance of coastal regions developing approaches to adapt to SLR. Hunter (2012) developed a sea-level allowance methodology to aid in the adaptation to SLR. Sea-level allowances are changes in the elevation of infrastructure required to maintain the current level of flooding risk in a future scenario of SLR (Hunter, Church, White, & Zhang, 2013) . Zhai, Greenan, Hunter, James, and Han (2013) adopted and implemented the allowance approach at nine tide-gauge sites in Atlantic Canada based on the IPCC's Fourth Assessment Report (AR4). The key feature of this approach is that it takes into account changes in future mean SLR and the uncertainties in projections of these changes.
This paper continues the work of Zhai et al. (2014) , who presented allowances based on the regional sea-level projections from IPCC's AR5. The contribution of vertical crustal motion to RSL change was based on the average of two GIA models, which vary spatially and have substantial differences in Atlantic Canada ; GIA is the deformation of the Earth and its gravity field due to the response of the Earth ocean system to past changes in ice and associated water loads. The GIA response comprises vertical and horizontal deformations of the Earth's surface, including RSL changes and changes in the geoid due to the redistribution of mass during the ice ocean mass exchange (e.g., Walcott, 1972; Farrell & Clark, 1976; James & Morgan, 1990; Peltier, Argus, & Drummond, 2015) .
The objectives of this paper are to assess the dual consistency of tide-gauge trends and GPS vertical land motion, compare the GIA model predictions to the global positioning system (GPS) trends, and to describe a procedure to extend the use of GPS data to replace the GIA component of the projections for calculating sea-level allowances (James et al., 2014) . While the allowance methodology deals with the effect of SLR on inundation, it does not address coastline recession through erosion (Ranasinghe, Duong, Uhlenbrook, Roelvink, & Stive, 2012) . The allowance approach is based on the assumption that the statistics of the storm tides will not change with time. This is supported by the present evidence that the rise in mean sea level is generally the dominant cause of any observed increase in the frequency of inundation events . Existing literature is inconclusive about future change in the frequency and intensity of storms Guo et al., 2013) ; therefore, its influence on storm tides is not considered in this study. Inverse barometer effects of future changes in the variability of sea-level pressure on the statistics of sea-level extremes are not considered because of low confidence in the atmospheric circulation projections of climate change (Shepherd, 2014) . This paper is structured as follows. Section 2 summarizes the method of deriving the sea-level allowances. Section 3 describes the tide-gauge data and the statistics of extreme water levels. Section 4 presents the projections of regional SLR. The GPS observations are presented in Section 5, followed by sea-level allowances in Section 6 and conclusions in Section 7.
Method of deriving the sea-level allowances
Extreme value theory develops techniques and models for describing the unusual rather than the usual, such as annual maximum sea levels (Coles, 2001) . The model is expressed in the form of extreme value distributions, with type I distributions widely known as the Gumbel family. The Gumbel distribution has proven very useful in analysis of annual maxima of hourly measurements of sea level in the Northwest Atlantic (Bernier & Thompson, 2006) . Some basic statistics to describe the likelihood of sea-level extremes (Pugh, 1996; Hunter, 2012) , derived from the Gumbel distribution function, are 
where E is the exceedance probability, R the return period, N the average number of exceedances in a period of duration T, µ the location parameter, λ the scale parameter, and z the return level. The return period is the average period between extreme events (observed over a long period with many events), and the exceedance probability is the probability of at least one exceedance event happening during a period of duration T.
Even though the probability of the annual maxima exceeding the 50-year level is low (about 2%) for any given year (as Eq.
(1), with T = 1 year), the exceedance probability increases to 63% for a longer period (T ) of 50 years (i.e., a typical asset life). SLR will increase the likelihood of future sea-level extremes. One common adaptation to SLR is to raise infrastructure by an amount sufficient to achieve a required level of precaution. Hunter (2012) describes a simple technique for estimating future allowances by combining the statistics of present extreme sea levels and projections of SLR and their associated uncertainties. Following Hunter (2012) , assuming a normal or Gaussian distribution for the uncertainty distribution of the SLR projections, the overall expected number of exceedances, N ov , under SLR is given by
where Δz is the central value of the estimated rise, σ the standard deviation of the uncertainty in the rise, and a the amount by which a coastal asset is raised to allow for SLR. The expected number of exceedances in the absence of SLR and with the asset at its original height is given by N. In order to ensure that the expected number of extreme events in a given period remains the same as it would without SLR, it is required that N ov = N. Therefore, the allowance a is given by
The standard deviation σ is derived from the 5th and 95th percentile limits of the AR5 regional projections, assuming that the uncertainty is normally distributed. Issues relating to the uncertainty of the projections and how it may be related to the 5th and 95th percentile limits quoted in the IPCC Assessment Reports have been discussed by Hunter (2012) . Section B of the supplemental material in Hunter (2012) presents a discussion of the difference between the standard error and standard deviation of future projections. Because of considerations of independence and accuracy of climate models, the uncertainty in sea-level projections is associated with the standard deviation of sea-level projections (rather than the standard error).
3 Sea-level changes from tide-gauge data The hourly water level data for 22 tide-gauge stations (Fig. 1) were provided by Fisheries and Oceans Canada (DFO) Integrated Science Data Management (ISDM) digital archives (http://www.isdm-gdsi.gc.ca/isdm-gdsi/twl-mne/maps-cartes/ inventory-inventaire-eng.asp). The tide gauges measure sea level relative to land. The zero water levels at tide gauges are the local Canadian Hydrographic Service Chart Datum (CD), which is about half the tide range below mean sea level. The main use of tide-gauge data in this study is to derive the Gumbel scale parameter at each site. Pugh (1996) stated that although as few as 10 annual maxima have been used to compute probability curves, experience suggests that at least 25 values are needed for a satisfactory analysis. In this study, 20 stations (Table 1 and Fig. 1 ) have records of at least 25 years. Because of the lack of historical data in the Labrador Shelf region and in the interior Gulf of St Lawrence, the Nain and Cap-aux-Meules stations were retained in our analysis even though the record lengths are shorter than desirable.
The ISDM water level time series at Rimouski from 1984 to 2013 was combined with the time series at Pointe-au-Père from 1900 to 1983 to form a single time series designated Rimouski-PP. At Pointe-au-Père (Rimouski), CD (or the zero of the time series) is 2.588 m (2.583 m) below CGG2010, a recent geoid model produced by Natural Resources Canada (Huang and Véronneau, 2013) . If local average surface slopes (which may exist because of local flow dynamics) are ignored and 5 mm is subtracted from the Pointe-au-Père time series, this should reset the zero datum at Pointe-au-Père to that at Rimouski. Assuming this to be the case, the time series have been combined into a record with a duration of more than 100 years.
Prior to extremal analysis, the tide-gauge data were processed as follows: (i) remove non-physical outliers identified as large numbers or by a clear vertical offset, (ii) apply linear detrending to the hourly water levels, (iii) select years that contain at least some data in six of the months, and (iv) compute annual maxima ensuring that any extreme events are separated by at least three days. Between June 1997 and March 2000, there were unresolved technical issues with the tide gauge at Saint John, which caused a lack of confidence in this portion of the time series, so the data for that period were removed prior to carrying out the analysis. In Nain, three peaks during the period between 1980 and 1990 appear to be an error, likely caused by incorrectly applied offsets or instrument disturbances, and this section of data was removed.
Haigh, Nicholls, and Wells (2010) compared the annual maxima method (AMM) and the r-largest method (RLM) for estimating probabilities of extreme water levels. They showed that RLM estimates are larger than AMM estimates at short return periods and are smaller than those of the AMM at long periods. Based on these results, the AMM method was chosen in this study because it provides more conservative estimates of the return levels at long periods and has greater relevance to the design of long-term infrastructure. It is noteworthy that the detrended annual maxima used for the extremal analysis include effects of interannual and decadal variability in mean sea level. The rate of relative SLR at each tide-gauge station is computed using a least-squares fit to annual means of hourly sea-level data for all available years (Table 2 ). Positive rates mean that relative sea level is rising with respect to land. The standard error in the rate of relative SLR is calculated using the method described in Emery and Thomson (2014) . If the autocorrelation of residuals is longer than one year, the effective number of degrees of freedom (N*) is reduced. This is used to adjust the error derived from the least-squares fit and is given by
Here C(τ) is the autocovariance as a function of lag τ, n the number of samples, and Δt the time increment between data values of one year. The maximum number of lag values (τ max ) is based on the significance of the autocorrelation using a p-value (t statistic) less than 0.05. Missing data do not affect the computation of the autocovariance.
Representative time series of annual means are given for five stations in Fig. 2 . The well-defined linear trend (calculated for all available years) is evident although decadal-scale variability leads to different rates of SLR for different periods (Greenberg, Blanchard, Smith, & Barrow, 2012; Hebert, Pettipas, & Petrie, 2012; Han et al., 2014 Han et al., , 2015 . In Rimouski, the trend is 1.0 ± 0.4 mm yr −1 between 1984 and 2013 and is −0.4 ± 0.3 mm yr −1 between 1900 and 2013, indicative of the multi-decadal variation in mean sea level. The rates of RSL change show a large-scale spatial structure in Atlantic Canada (Fig. 1b) . For the tide gauges with a century-long record in Halifax and Charlottetown, the rate of RSL change is nearly twice as large as the rate of GMSL rise of 1.7 ± 0.2 mm yr −1
. The tide-gauge data show a much lower rate of −0.4 ± 0.2 and −0.6 ± 0.3 mm yr −1 in Rimouski-PP and Lauzon, respectively. The rate of 2.2 ± 0.2 mm yr −1 in Saint John is close to the globally averaged rate. Table 2 includes rates of SLR derived for short and long records. Caution is needed in interpreting the rates with shorter records, and they are separated into a different category in Section 5b. Ongoing monitoring and analyses are needed to better understand and correct for interannual variability and to further improve estimates of past SLR in Atlantic Canada, possibly using the approaches presented in White et al. (2014) and Burgette et al. (2013) .
b Statistics of Extreme Water Levels
The detrended annual maxima are fitted to a Gumbel distribution using the "evfit" function of MATLAB ® . The software computes the maximum likelihood estimation of the cumulative density function (1-E) and its 95% confidence intervals. Note that E as used here is the annual exceedance probability (i.e., Eq.
(1), with T = 1 year). The fitted curves for each tidegauge site (Fig. 2 ) agree reasonably well with the return period based on the ordered annual maxima (marked by the red dots). The return level curves indicate that the 95% confidence interval increases with longer return periods because the data provide less information about higher water levels (Coles, 2001 ). The Gumbel model parameters and 50-year return levels for all tide-gauge stations show large spatial variations for Atlantic Canada (Table 3 ). The location parameter is equal to the (Bernier & Thompson, 2006; Zhang & Sheng, 2013) . A smaller-scale parameter indicates that the return period is sensitive to small changes in mean SLR. The records of sea-level measurements at tide-gauge stations in Charlottetown, Halifax, Lauzon, Rimouski-PP, and Saint John are longer than 90 years (Table 1) . They are used to test how record length and decadal-scale variability affect statistics of extreme water levels. Following Xu, Lefaivre, and Beaulieu (2013) , the tide-gauge data are divided into three tri-decade periods, and the extremal analysis is performed for each period. For all locations except Charlottetown the best estimate from the full record falls within the 2.5 97.5 percentile ranges of the estimates from the shorter records (Fig. 3a) . For Charlottetown, there is still substantial overlap between the 2.5 97.5 percentile ranges of the full and shorter records.
For long return periods, the return levels are caused by the combined effects of large tides and large surges. The 50-year return level is the largest (>4.7 m) in Saint John and SaintFrançois IO, where the former has a larger tidal amplitude, and the latter has a larger storm surge. It is the smallest (1.334 m) in Cap-aux-Meules where both tides and surges are small.
Projections of relative sea-level rise
A recent report on sea-level allowances for Atlantic Canada (Zhai et al., 2014) used regional projections of the IPCC's AR5 with enhancements to account for GIA and ongoing changes in the Earth's loading and gravitational field. The sea-level projections were fully described in Appendix 1 of Hunter et al. (2013) and were based on the A1FI emission scenario. The allowances presented here are based on the regional projections of RSL change for the IPCC's AR5 RCP8.5 scenario. RCP8.5 is the highest emission scenario in AR5 for the twenty-first century (IPCC, 2013) . Recent emissions are tracking closer to RCP8.5 than to other RCPs (Peters et al., 2013) .
The regional projections of RSL rise from the AR5 include effects of steric and dynamic changes, atmospheric loading, plus land ice, GIA, and terrestrial water sources (Figs 13.19 and 13.20 in Church et al. (2013) ). The steric and dynamic changes are derived from 21 Atmosphere Ocean General Circulation Models (AOGCMs) from the Coupled Model Intercomparison Project, phase 5 (CMIP5). Following Zhai et al. (2014) , the regional sea-level projections from the AR5 were extracted at the locations of 22 tide-gauge stations.
An important difference in the regional projections from Hunter et al. (2013) and AR5 is that uncertainty was estimated for GIA in the latter but not in the former. In AR5 , the GIA contribution was calculated from the mean of the ICE-5G model of the global process of glacial isostatic adjustment (Peltier, 2004 ) and the Australian National University's (ANU) ice sheet model (Lambeck et al., 1998 and subsequent improvements) with the SEa Level EquatioN (SELEN) solver code for the sea-level equation (Farrell & Clark, 1976; Spada & Stocchi, 2006 , including updates to allow for coastline variation with time, near-field meltwater damping, and Earth rotation in a self-consistent manner (Milne & Mitrovica, 1998; Kendall, Latychev, Mitrovica, Davis, & Tamisiea, 2006) . The uncertainties are estimated as half the difference between the two GIA model estimates . There are substantial differences between the GIA estimates in the Atlantic Canada region, so the resultant uncertainties are large, ranging from 0.28 to 4.68 mm yr −1
. Rates of RSL change due to GIA in Atlantic Canada (Column 4 of Table 4) shows substantial spatial variations, with rates ranging from −6.16 mm yr −1 in Nain to 0.72 mm yr −1 in North Sydney. Overall, ICE-5G model projections (column 2 of Table 4) are systematically larger than those from the ANU model (column 3 of Table 4 ).
Projections of mean RSL change vary from −0.15 m in Nain to 0.83 m in North Sydney between 1995 and 2100 (Zhai et al., 2014) . The mean RSL rise is above the global mean in southeast Atlantic Canada. The overall spatial pattern is 
Global positioning system observations
Changes in GPS measurements of height over time indicate the vertical crustal motion relative to the Earth's centre of mass, with positive rates designating land uplift. In Atlantic Canada, the vertical land motion occurs mainly because of GIA (e.g., Koohzare, Vaníček, & Santos, 2008; James et al., 2014) . Table 5 (column 2) summarizes the vertical land motion (uplift or subsidence) at tide-gauge stations based on nearby GPS observations. The two primary sources of uncertainty associated with the GPS data are the linear regression error (typically 0.2 mm yr −1 ) and the uncertainty in the realization of the terrestrial reference frame (about 0.5 mm yr ; Wu et al., 2011) . Analysis of the GPS time series incorporated a coloured noise model to determine rate uncertainties, following the methods described by Mazzotti, Lambert, Henton, James, and Courtier (2011) based on Williams' (2003) formula for a coloured noise source. They are added in quadrature (square root of summed squares) to get the final uncertainty shown in column 3 of Table 5 . The GPS data were processed using the Canadian Geodetic Survey's Precise Point Positioning (PPP) software (Kouba & Héroux, 2001 ). The rates of vertical land motion from PPP were compared with the rates derived from an analysis of the GPS data using the Bernese GPS Software, version 5.0 (Dach et al., 2007) , (James et al., 2014) . For Nain, the GPS uplift rate is determined from a Canada-wide GPS velocity field (M. R. Craymer, personal communication, 2011) whose network-adjusted rates have been realigned in a manner consistent with the PPP rates. The uncertainty for Nain is the formal uncertainty of a network adjustment (±0.081 mm yr −1 (M. R. Craymer, personal communication, 2011) and the uncertainty of the reference frame (±0.51 mm yr −1 ) added in quadrature.
a Expected Rate of RSL Change Due to GIA James et al. (2014) showed that GPS rates may be incorporated into sea-level projections and used to derive the rate of RSL change in combination with tide-gauge data. However, it is not as straightforward as simply replacing the modelled GIA rate with the observed GPS rate because of geoid changes associated with GIA. Therefore, an empirical approach has been used to compute the expected rate of RSL change due to GIA (so-called adjusted GIA) as follows:
(1) For the region of interest (either on a regular grid or at the sites of interest, assuming sufficiently broad distribution), empirically determine the relation between predicted vertical motion and predicted sea-level change for a GIA model or models. The predictions of ICE-5G (VM2 L90), version 1.3 (Peltier, 2004) and ICE-6G (Peltier et al., 2015) were downloaded from http://www.atmosp. physics.utoronto.ca/~peltier/data.php. For 22 tide-gauge sites in Atlantic Canada, the relationship between the predicted vertical uplift rate and rate of RSL change was found to be linear (Fig. 4) . The slope of the line is −0.9167, indicating that the geoid rates are about 10% of the uplift rates and that they act in the opposite sense of the vertical deformation for controlling relative sea level. The intercept (on the vertical axis) of −0.1947 is related to the increasing size of the global basins due to GIA (Peltier, 2009; Church et al., 2013) . The regression, based on the combined ICE-5G/6G predictions represents current knowledge and understanding of the GIA process in North America, is constrained by several geodetic and geological observables, and incorporates uncertainties in the ice-load history. (2) Correct GPS vertical rates for the (relatively small) elastic effect due to present ice-mass changes following James et al. (2014) . The elastic correction term (column 4 of Table 5 ) is about −0.3 mm yr −1 for present-day icemass change. The correction is required to isolate the portion of the GPS uplift signal due to the GIA. (3) Apply the linear relation from step 1 to the corrected GPS rates to obtain the ongoing sea-level change resulting from vertical crustal motion (henceforth termed "adjusted GIA" in contrast to the modelled GIA).
(4) This conversion is appropriate for Atlantic Canada because the GPS vertical rate is due mainly to the GIA effect (Koohzare et al., 2008) . The purpose of steps 1 3 in this process is to replace the modelled GIA with the adjusted GIA. The uncertainty from the linear regression of step 1 is added in quadrature to the GPS uncertainty to calculate the error of the adjusted GIA.
b Comparison with Tide-gauge Data An analysis that was carried out by Mazzotti, Jones, and Thomson (2008) for the Pacific coast of Canada was replicated to show the consistency between tide-gauge records and GPS measurements by comparing tide-gauge trends to GPS uplift rates. The data were divided into four categories (A, B, C, and F) based on the length of the tide-gauge record (t) and the distance (d) between tide-gauge and GPS sites following Mazzotti et al. (2008) . Category A represents high-quality data for which t ≥ 50 years and d ≤ 10 km. Category B represents mid-quality data for which 30 ≤ t < 50 years and d ≤ 20 km, and Category C represents low-quality data for usable sites, with 20 ≤ t < 30 years or 20 < d ≤ 40 km. Category F corresponds to unreliable data points for which t < 20 years or d > 40 km. The rate of RSL change derived from tide-gauge data versus the GPS uplift rate for the Category A, B, and C sites (Table 2) is given in Fig. 5a . The line was constrained to a slope of −1. The y-intercept of the line is the average of the tide-gauge rate minus the GPS rate (the Sept-Îles and Pointe-au-Père tide gauges were removed, as explained in the following). The intercept represents the rate of RSL change for a situation in which the vertical land motion is zero and corresponds to the absolute sea-level (ASL) rise, which is SLR relative to the centre of mass or geocentre of the Earth. For Atlantic Canada, the ASL rise is 2.2 ± 0.2 mm yr −1 with a scatter around the mean (standard deviation) of 0.7 mm yr −1
. The range of uncertainty for the ASL rate encompasses the GMSL rise of 1.7 ± 0.2 mm yr −1 since 1900 . The difference between local ASL rise and the global average is 0.5 ± 0.3 mm yr −1 , indicating consistency of the GPS and tide-gauge trends in the region and that GIA explains the overall spatial pattern of tide-gauge trends in Atlantic Canada.
The point corresponding to the Pointe-au-Père tide gauge was removed to avoid overweighting SLR at Rimouski. The tide-gauge rate minus the RSL rate due to GIA at Sept-Îles is high (5.4 ± 1.0 mm yr
) and is likely affected by the decadal variations in river runoff and atmospheric forcing from 1972 to 2013. A longer record of tide-gauge measurements or removal of natural fluctuations may be needed for a robust detection of sea-level change at Sept-Îles.
The rate of ASL rise for all tide gauges in Atlantic Canada was tested for its sensitivity to the joint quality level of both tide-gauge and GPS measurements. Figure 5a shows sites with three quality levels. The ASL rate is 2.3 ± 0.3 mm yr −1 for Category A, 2.4 ± 0.4 mm yr −1 for Category B, and 2.0 ± 0.4 mm yr −1 for Category C, indicating relative consistency among the different quality levels and the overall dataset.
c Comparison with the Projected Rate of RSL Change Due to GIA The adjusted GIA data are compared with the GIA model predictions (Fig. 5b) used for the RSL projections of the IPCC AR5 . The root-mean-square errors of the ICE-5G model, ANU model, and their average (relative to the adjusted GIA rates) are 1.75, 3.08, and 0.93 mm yr , respectively, and this bias would amount to −15, 13, and 6.0 cm over 105 years (1995 2100) . This shows that the average of two GIA models is relatively well explained by the adjusted GIA rates (Fig. 5b) . The difference between the two GIA model predictions are large and generate large uncertainties, with a median of 2.2 mm yr −1 and a 5th to 95th percentile range of 0.4 3.7 mm yr −1 . In comparison, the uncertainties in the adjusted GIA rates are much smaller and generally range between 0.6 and 1.0 mm yr −1 (5th to 95th percentile range).
Regional sea-level allowances
The sea-level allowances for 22 tide-gauge sites were calculated using the regional sea-level projections of RCP8.5 from AR5 (Tables 6 and 7 ; Fig. 6 ) and then re-calculated using the same projections except that the modelled GIA portion is replaced with the adjusted GIA (Tables 8 and 9 ; Fig. 6 ). There are, therefore, two groups of allowances:
(1) Sea-level allowances based on the regional RCP8.5 sealevel projections from AR5. (2) Sea-level allowances based on the regional RCP8.5 sealevel projections of AR5 for which the modelled GIA is replaced with the adjusted GIA estimated from GPS data, referred to here as the RCP8.5 GPS.
The median, 5th, and 95th percentiles of the difference between sea-level allowances for RCP8.5 and RCP8.5 GPS are 0, −0.07, and 0.07 m, respectively, for the 1995 2050 period (Fig. 6a, Table 8 ) and 0.04, −0.10, and 0.33 m, respectively, for the 1995 2100 period (Fig. 6b, Table 9 ). The Fig. 5 (a) The rate of RSL change (mm yr −1 ) derived from tide gauge data versus the adjusted GIA rate based on GPS observations. The solid line was constrained to a slope of 1. (b) Modelled GIA rate (based on the average of ICE 5G and ANU models ) versus adjusted GIA rate based on GPS observations. The solid blue line is the regression: <Adjusted GIA rate> 0.96 < Modelled GIA rate> + 0.57. The error bars in the y direction mark the two stan dard deviation range. The error bars in the x direction mark the absol ute difference of the two GIA models. reduced uncertainty in sea-level projections for RCP8.5 GPS reduces the allowances in Nain and the St. Lawrence Estuary. The sea-level allowances for RCP8.5 GPS ( Fig. 6 ; Tables 7  and 9) Tables 7 and 9 show that the allowances for the 1995 2100 period are closer to the 95th percentile of the projections at most sites. But for stations in Northumberland Strait and the head of the St. Lawrence Estuary, sea-level allowances for 1995 2100 are less than the mean plus one standard deviation of SLR because of the large-scale parameters in those regions. The increase in the difference between the allowance and the mean projection with time is related to the increasing uncertainty of sea-level projections with time and the fact that the allowance depends on the square of the uncertainty. Sea-level allowances at 22 tide gauges (Fig. 6) show a significant spatial variation, largely affected by spatially varying projections of SLR. For RCP8.5 GPS, the range of allowances is 0.08 m to 0.44 m for the 1995 2050 period (Table 8 ) and 0.42 to 1.24 m for the 1995 2100 period (Table 9) . Where the land is sinking, the allowances for 2100 are largest and reach more than 1 m in Nova Scotia, the Bay of Fundy, Prince Edward Island, and southern Newfoundland (Fig. 6b) . Where the land is rising quickly, the allowances for 2100 are as small as 0.42 m in Harrington Harbour (Fig. 6b ). The allowances are tested for the uncertainties on scale parameters derived from the sub-sampled records at five tide-gauge stations. Figure 3b shows that the allowances based on scale parameters estimated from the sub-sampled records only differ by −3 to 9 cm from the allowances based on scale parameters estimated from their full records for RCP8.5 GPS and for 2100. This paper provides the scientific basis and the methodology for deriving sea-level allowances for Atlantic Canada using the AR5 projections and incorporating GPS measurements of vertical land motion. The tide-gauge data have been analyzed to determine the presentage trend of RSL change and the statistics of storm tides. The GPS rates were introduced to compute the expected rates of sea-level change due to vertical land motion, which were used to derive the rate of ASL rise for Atlantic Canada. The GIA model rates differ from the GPS rates, and it is suggested that allowances based on measured GPS rates be adopted.
In most regions of Atlantic Canada, new infrastructure will need to be built higher off the ground to account for future SLR. This allowance depends only on the projected rise in mean sea level and its uncertainty and on the scale parameter of a Gumbel distribution derived from tide-gauge records. The allowances show large spatial variations, a consequence of using spatially varying projected RSL change and storm-tide statistics. In the Bay of Fundy and Gulf of Maine, the sea-level allowances should take account of the change in tidal amplitude because SLR will induce an expanded tidal range over the twenty-first century in this region (Greenberg et al., 2012) .
The IPCC AR5 indicates that instability of the western Antarctic ice sheet could contribute additional tens of centimetres of global SLR by 2100 although the contribution is poorly constrained James et al., 2014) . In research published after the release of the IPCC's AR5 (or RCP8.5, the IPCC AR5 sea-level rise by 2100 is 0.52 to 0.98 m relative to 1986 2005 ), an expert assessment of SLR reported that the likely ranges are 0.7 1.2 m by 2100 and 2 3 m by 2300 for the high-emissions RCP8.5 scenario (Horton, Rahmstorf, Engelhart, & Kemp, 2014) . Joughin, Smith, and Medley (2014) show that the collapse of the western Antarctic ice sheet is starting and that its meltwater would raise sea levels by more than 3 m over several centuries. Kopp et al. (2014) projected a very likely (90% probability) GMSL rise of 0.5 to 1.2 m under RCP8.5 between 2000 and 2100. Talke, Orton, and Jay (2014) suggest that annual maximum storm tides in New York Harbor contain both multi-decadal variability and a secular trend in each quartile. Collectively, these recent studies may indicate that the estimates of sea-level allowances based on the IPCC's AR5 report are conservative (e.g., Hinkel et al., 2015) . Nevertheless, the GPS-based allowances described here may be useful for planning purposes because they are based on direct measurements of vertical land motion and were derived from rigorous combination of storm-surge recurrence with the largest likely projections of the IPCC AR5.
